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Paraplegia remains the most dreaded complication
after thoracoabdominal aortic aneurysm (TAAA)
repair. Crossclamping of the proximal descending
aorta evokes several interdependent mechanisms that
ultimately contribute to the development of spinal
cord ischemia, the most important of which are distal
hypoperfusion and increased cerebrospinal fluid
(CSF) pressure. Although the “clamp-and-go” tech-
nique has been used successfully in most cases, a num-
ber of studies have confirmed the need for additional
protective measures, especially when aortic cross-
clamp times are prolonged.1,2 Distal aortic perfusion
by means of left atrium to femoral artery bypass and
CSF drainage seem to be effective modalities in pre-
serving spinal cord perfusion.3,4 However, distal aor-
tic perfusion does not protect the spinal cord if the
arteries supplying the anterior spinal artery arise from
the excluded segment, and patent intercostal arteries
should therefore be reimplanted.5 Despite optimal
protection and targeted intercostal artery reimplanta-
tion, Safi et al6 recently reported 14% neurologic
deficit in type II TAAAs. Although they reduced the
neurologic morbidity significantly, it remains a chal-
lenge to further improve the surgical outcome of
these patients.
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Purpose: Motor-evoked potentials (MEPs) were monitored during thoracoabdominal
aortic aneurysm (TAAA) repair to assess spinal cord ischemia and evaluate the subse-
quent protective strategies to prevent neurologic deficit.
Methods: Between January 1996 and December 1997, 52 consecutive patients with type
I (n = 24) and type II (n = 28) TAAA underwent surgery (mean patient age, 60 years;
range, 21–78 years). The surgical protocol included left heart bypass, cerebrospinal fluid
drainage, and monitoring transcranial myogenic MEPs. When spinal cord ischemia was
detected, distal aortic pressure and mean arterial pressure were increased. By means of
sequential crossclamping, MEPs were used to identify critical intercostal or lumbar
arteries.
Results: Reproducible MEPs could be recorded in all patients, and spinal cord ischemia
was detected within 2 minutes. During distal aortic perfusion, 14 patients (27%) showed
rapid decrease in the amplitude of MEPs to less than 25% of baseline, indicating spinal
cord ischemia, which could be corrected by increasing distal aortic pressure. The mean
distal aortic pressure to maintain adequate cord perfusion was 66 mm Hg; however, it
varied among individuals between 48 and 110 mm Hg. In 24 patients (46%), MEPs dis-
appeared after segmental clamping and returned after reattachment of intercostal arter-
ies. In 9 patients (17%), MEPs disappeared completely, but no intercostal arteries were
found. After aortic endarterectomy, 6 or 8 mm Dacron grafts were anastomosed to inter-
costal arteries, and MEPs returned after reperfusion. Using this aggressive surgical
approach based on MEPs, no early or late paraplegia occurred in this series. 
Conclusion: Monitoring of MEPs is an effective technique to assess spinal cord ischemia.
Operative strategies based on MEPs prevented neurologic deficits in patients treated for
type I and II TAAA. (J Vasc Surg 1999;29:48-59.)
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A logical and pragmatic approach to the problem
of interrupted blood supply is to reattach the patent
intercostal or lumbar arteries. The dilemma of which
arteries should be reimplanted or ligated can be elu-
cidated either from an anatomical or a functional
philosophy. The anatomical approach includes pre-
operative selective angiography as a means of identi-
fying the arteria radicularis magna (ARM) and sub-
sequent reimplantation7,8; however, neurologic
deficit cannot always be prevented, especially if the
ARM is not found. The important issue, even in the
nonpathological state, is the extremely anatomical
divergence of the spinal cord’s vascular plexus.
Furthermore, in the presence of aneurysm disease
associated with mural thrombus, atherosclerotic
plaques, or dissection, intercostal arteries are fre-
quently obliterated. In these circumstances, the
anterior spinal artery is perfused via collateral vessels,
including proximal intercostal and distal lumbar
arteries. Unfortunately, anatomical assessment of the
responsible collateral intercostal or lumbar arteries is
not available yet.
The functional approach aims at intraopera-
tive monitoring of the spinal cord function.
Somatosensory evoked potentials (SSEP) are widely
used to detect spinal cord ischemia during aortic
crossclamping and to identify vessels critical to spinal
cord blood supply.9,10 The major drawback of SSEP
monitoring is the occurrence of false negative results,
which means postoperative paraplegia despite
unchanged intraoperative SSEPs.11,12 This is because
SSEPs evaluate conduction in the dorsal part of the
spinal cord, whereas the motoneural system is locat-
ed in the anterior horn, the focal region of paraple-
gia. Therefore, SSEPs do not reflect motor function
and motor tract blood supply. In addition, there is a
relatively long delay between occurrence of ischemia
and complete disappearance of SSEPs.9 Another dis-
advantage of SSEPs is its low specificity. Crawford et
al13 reported a false positive rate of 67%, although
distal aortic perfusion may improve the accuracy.
Recording of motor-evoked potentials (MEPs)
allows continuous monitoring of motor tract func-
tion. We developed a technique to record myogenic
responses after electrical transcranial stimulation,
exclusively monitoring the motor system, including
the ischemia-sensitive anterior horn motor
neurons.14 In our pilot study, no false-positive or
false-negative monitoring results were observed. In
this prospective study, MEPs were monitored during
type I and II TAAA repair to assess spinal cord
ischemia and evaluate the subsequent protective
strategies to prevent neurologic deficit. 
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PATIENTS AND METHODS
Patients’ characteristics. The Crawford classifi-
cation was used to delineate the extent of the
aneurysm: type I TAAA starts at the level of the left
subclavian artery and extends to the visceral vessels,
thus including intercostal arteries T12; type II TAAA
begins at the same level and extends down to the aor-
tic bifurcation, thereby involving the entire thoracic
and abdominal aorta. Fifty-two consecutive patients
underwent surgery: 24 had type I TAAA, and 28 had
type II TAAA. In 7 of these 52 patients, the
aneurysm started at or proximal to the left subclavian
artery, requiring crossclamping between the left
carotid and left subclavian artery (n = 4) or between
the innominate and left carotid artery (n = 3). In the
latter 3 patients, electroencephalogram monitoring
showed adequate brain function; therefore, addition-
al cerebral protection was not necessary. In all 7
patients, the subclavian artery was replaced by an 8
mm Dacron graft (Sulzer Vascutek, Inchinnan,
Scotland) and implanted in the tube graft at the end
of the procedure. In 5 patients with type II TAAA,
the aneurysmal disease involved the iliac arteries,
necessitating attachment of a bifurcated graft.
Visceral arteries were usually reimplanted as an
island, but in cases of severe aortic disease, separate
grafts, usually 6 or 8 mm in diameter, were connect-
ed to the celiac trunk (n = 4), superior mesenteric (n
= 1), and renal arteries (n = 15).
The median age of the 28 male and 24 female
patients was 60 years (range, 21 to 78 years).
Etiology was atherosclerosis in 49 patients and
Marfan’s disease in 3 patients. Seventeen patients
(33%) were post-type B dissection, and 5 patients
underwent emergency surgery for symptomatic (n =
3) or ruptured (n = 2) aneurysms. One patient had
a bleeding aortobronchial fistula, which was exclud-
ed during surgery by simply leaving the partial aor-
tic wall to the left lung. Seventeen patients (33%)
already underwent aortic surgery: ascending aorta (n
= 4) and infrarenal aorta (n = 13; 8 type I, 5 type II).
Preoperative risk factors included arterial hyperten-
sion in 31 patients (60%), chronic obstructive pul-
monary disease in 19 (37%), coronary artery disease
in 12 (23%), and diabetes mellitus in 2 (4%). Renal
impairment was present in 8 patients (15%), 3 with
type I TAAA, 5 with type II TAAA.
During the same period, 6 patients (3 with type I
TAAA, 3 with type II TAAA) did not undergo
surgery. Three patients were not treated because of
advanced age (older than 83 years); 2 patients were
admitted with aortic rupture and profound shock;
and 1 patient had inoperable coronary artery disease.
Surgical protocol. All patients were operated
on according to the same protocol. Intubation was
performed with a double-lumen endotracheal tube,
allowing collapse of the left lung. Patients were
placed in the lateral position, and a catheter was
introduced in the intrathecal space, maintaining a
CSF pressure of 10 mm Hg or less. This catheter was
left in place for 72 hours, and drainage was contin-
ued, if necessary. After positioning on the bean bag,
thoracophrenico laparotomy was performed, usually
through the sixth intercostal space. The sixth rib was
intentionally transected, but left in situ. In patients
with type II TAAA, the diaphragm was incised cir-
cumferentially; in patients with type I TAAA, it was
only partially transected.
Retrograde aortic perfusion was established by
means of cannulation of the left atrium or pul-
monary vein and the femoral artery. Heparinization
was limited (0.5 mg/kg). Distal aortic perfusion
was started before crossclamping, and a contralater-
al femoral arterial line was used to assess arterial
pressure. The proximal descending aorta was
clamped with 2 clamps and completely transected
while the distal aortic pressure was kept at more
than 60 mm Hg to maintain adequate MEP ampli-
tudes and urine output. Dacron grafts (Sulzer
Vascutek, Inchinnan, Scotland) were anastomosed
with running prolene sutures. Afterward, the aorta
was sequentially clamped, and intercostal arteries
were reimplanted.
In patients with type II TAAA, the abdominal
part of the procedure was performed with selective
perfusion of the celiac, superior mesenteric, and
renal arteries.15 Thirteen French perfusion catheters
(Medtronic DLP, Grand Rapids, Mich) were insert-
ed in the arteries, and volume flow and pressure
were assessed. When separate grafts were used, con-
tinuous perfusion to the visceral organs was estab-
lished during performance of the end-to-end anas-
tomosis. The separate grafts were implanted in the
tube graft at the end of the procedure, after com-
pletion of the distal aortic anastomosis, while still
perfused by the multicatheter system. Renal artery
catheter pressure was increased if urine output
decreased during the procedure. Temperature was
allowed to decrease spontaneously, reaching rectal
temperatures between 31°C and 34°C during the
crossclamp period. After completion of the recon-
struction, the left heart bypass was used to rewarm
the patients to 36°C.
Technique of MEP-monitoring. We previous-
ly described the technique of transcranial stimulation
in detail.14 Basically, the motor cortex is activated by
transcranial electrical stimulation. The signal travels
along the corticospinal tract and activates the anteri-
or horn motor neurons, and afterward conduction
via the peripheral nerve results in a compound mus-
cle action potential. These action potentials were
recorded from the skin over the left and right ante-
rior tibial muscle and from the skin over the bilater-
al thenar muscles. Baseline MEPs were measured
every 5 minutes until aortic clamping and every
minute during and after crossclamping. A reduction
of MEP amplitude of the anterior tibial muscle to
less than 25% of baseline was considered to be a sig-
nal of spinal cord ischemia. In case of an amplitude
reduction, the MEP signals of the thenar muscles
were used to distinguish between spinal cord
ischemia and systemic factors or technical problems. 
Careful anesthetic techniques are essential, because
complete neuromuscular blockade is not compatible
with myogenic MEP monitoring. Etomidate, keta-
mine, and opioids hardly depress myogenic ampli-
tudes.16,17 Using a closed-loop vecuronium infusion, a
stable level of neuromuscular blockade within a nar-
row range can be maintained, thus minimizing the
influence of fluctuations in relaxation level on the vari-
ability of the myogenic MEP signal.14,18 Anesthesia
was induced with 0.3 mg/kg Etomidate and 5 m g/kg
sufentanil and was maintained with 4 m g/kg sufentanil
per hour and 2 mg/kg ketamine per hour. An addi-
tional 50 mg ketamine was given intravenously at signs
of inadequate anesthesia. Muscle relaxation was
induced and maintained with vecuronium. 
Evoked potentials techniques that rely on stimu-
lation and recordings from nerves and muscles in the
leg lose their predictive value when lower-limb
ischemia occurs. Distal aortic perfusion solves this
problem, but peripheral ischemia might develop in
the leg of the cannulated femoral artery. If con-
fronted with this limitation, we inserted a second,
antegrade femoral artery cannula.
Muscle relaxation was monitored electromyo-
graphically every 20 seconds at the hypothenar emi-
nence after stimulation of the ulnar nerve. This
device was connected to the on/off switch of an
infusion pump, thus achieving on/off closed loop
control. When the neuromuscular blockade level
decreased to less than the set point of 20%, the alarm
activated the infusion pump with delivered vecuro-
nium at a rate of 2 m g/kg per minute.
Interventions based on MEP changes. When
ischemic MEP changes occurred after aortic cross-
clamping, attempts were first focused on increasing
distal aortic flow and pressure and the mean arterial
pressure. Significant backbleeding from segmental
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arteries was managed by 3F balloon occluding
catheters to reduce the stealing effect from the ante-
rior spinal artery. 
The distal aortic pressure necessary to maintain
adequate MEP signals was considered to be the min-
imal mean arterial pressure in the postoperative
phase. If MEPs were instable at the end of the pro-
cedure, monitoring was continued in the intensive
care unit. 
Intercostal and lumbar arteries between T6 and
L3 were routinely revascularized, except in cases of
severe calcified plaques or a mushy aortic wall.
Segmental arteries at T5 and L4-5 were only pre-
served if they could be included in the proximal or
distal anastomosis, respectively. When exclusion of an
aortic segment resulted in ischemic MEP changes,
the intercostal or lumbar arteries in that segment
were considered critical to spinal cord blood supply
and were immediately reattached and reperfused. If
the aortic wall was not strong enough, separate
Dacron grafts were selectively anastomosed to the
segmental arteries, and while perfusion was estab-
lished by one of the perfusion catheters (side arm of
the left heart bypass), the grafts were connected to
the tube graft. When no MEP changes were
observed, segmental arteries were also reimplanted,
but only if it was technically easy and feasible. 
Loss of MEP signals associated with an aortic
segment without any visible arteries was considered
the most alarming situation. Endarterectomy of the
calcified aortic wall was rapidly performed, searching
for intercostal or lumbar arteries. Because the
endarterectomized aortic wall is too thin and fragile
to reattach to the tube graft, we anastomosed 6 mm
Dacron grafts to single segmental arteries or larger
diameter grafts if several vessels could be included in
an end-to-end anastomosis. Immediately after com-
pletion of the distal anastomosis, a 13F perfusion
catheter was inserted in the graft to restore perfusion
to the spinal cord. The graft was then implanted in
the tube graft, the perfusion catheter was removed,
and graft-to-graft circulation was accomplished.
Outcome parameters. All identified intercostal
arteries between T5 and T12 and lumbar arteries
between L1 and L5 were scored, and all reattached
and grafted arteries were noted. 
Aortic crossclamp time in patients with type I
TAAA included placing the 2 proximal clamps, 5
minutes of MEP registration, transection of the
aorta, proximal anastomosis, subclavian artery
bypass grafting, reattachment of intercostal arteries,
separate grafting of intercostal arteries, and the dis-
tal anastomosis. In type II aneurysms, the addition-
al clamp time included clamping the iliac arteries,
insertion of the multiperfusion catheter system, reat-
tachment of visceral and renal arteries, separate
grafting of these arteries, reattachment of lumbar
arteries, and the distal anastomosis. In addition, the
crossclamp time included attachment of a bifurcated
graft in 5 patients.
Median total crossclamp time in patients with
type I TAAA, according to the above described cri-
teria, was 52 minutes. In patients with type II
TAAA, this time was 130 minutes.
If the neurological outcome was uneventful and
MEP signals were normal, patients were discharged
from the hospital without extensive neurologic
examination. In cases of neurologic deficit, an inde-
pendent neurologist would assess the severity of the
deficit. 
RESULTS
The neurologic status of all 52 patients was normal
before the surgical procedure. None of the patients
had preoperative motor deficits. Reproducible myo-
genic MEPs could be recorded in all patients. Median
amplitude in the left and right leg were 1656 m V and
1332 m V, respectively. Critical spinal cord ischemia
after crossclamping was detected within 2 minutes.
MEP changes during TAAA repair. After
proximal crossclamping, MEP amplitudes remained
normal in 38 patients, with a mean distal aortic pres-
sure of 51 mm Hg. In 14 patients (27%), MEP
changes indicative of spinal cord ischemia, which
could be corrected by increasing the distal aortic
pressure, were observed. The mean distal aortic
pressure necessary to maintain adequate spinal cord
perfusion was 66 mm Hg. However, this varied
among individuals between 48 and 110 mm Hg.
The patient who needed the pressure of 110 mm Hg
was a patient with severe hypertension, and MEPs
could only be maintained at these high values, not
only during surgery, but also in the postoperative
phase. In the 14 patients who required a higher ret-
rograde aortic pressure, postoperative orders includ-
ed the necessary mean arterial pressure for that indi-
vidual. 
After completion of the proximal anastomosis,
exclusion of the aortic segment between T4 and L1
caused a rapid decrease in the amplitude of MEPs in
24 patients (46%), 6 of 24 with TAAA type I and 18
of 28 with type II. In 3 of 6 patients with type I
TAAA, all visible intercostal vessels were reimplant-
ed in the tube graft and MEPs returned after reper-
fusion. In 3 of the 6 patients in whom MEPs disap-
peared, selective grafting of intercostal arteries was
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necessary, in 1 because of severely diseased aorta, in
2 because no segmental vessels could be identified
and grafting was accomplished after endarterectomy.
MEPs returned after reperfusion. In 8 patients with
type I TAAA, MEPs decreased, but not less than the
critical threshold. Intercostal arteries were reat-
tached in all patients. In 10 of 24 patients (42%)
with type I TAAA, no MEP changes occurred; in 7
patients, intercostal arteries were reimplanted; in 3
patients, no attempts were made to reimplant. 
In 11 of 18 patients with type II TAAA with crit-
ical cord ischemia, immediate reattachment of inter-
costal arteries was performed. In 7 patients, MEPs
disappeared, but no arteries could be found. After
aortic endarterectomy, 12 selective grafts were anas-
tomosed to single intercostal arteries. MEPs returned
in all patients after selective reperfusion and attach-
ment to the tube graft, except in 1 patient; in this
patient, MEPs disappeared for more than 1 hour and
returned to normal values in the left leg. In the right
leg, however, low amplitude MEPs were shown at
the end of the procedure. In total, 9 of 52 patients
with type I and type II TAAA (17%) required selec-
tive grafting for invisible intercostal arteries that only
became available after endarterectomy. 
After excluding the abdominal aortic segment
(L1-L5) in patients with type I and type II TAAA,
additional ischemic MEP changes occurred in 8
patients, despite previous intercostal artery care.
However, MEP amplitudes never decreased to less
then 25% of baseline. Visible lumbar arteries were
revascularized, and after reperfusion, MEPs
returned to initial levels, indicating the existence of
collateral connections and the importance of supply-
ing optimal perfusion. In 1 patient type II TAAA in
whom MEPs disappeared completely, only 1 inter-
costal artery (T10) was present; it actually became
visible after endarterectomy, because no segmental
arteries were present in the calcified aorta. A 6 mm
graft was anastomosed, and MEPs returned immedi-
ately after reperfusion. During the abdominal part, it
appeared that all lumbar arteries were occluded as
well, basically indicating that this patient was com-
pletely dependent on 1 intercostal artery only.
Because the patient had a normal neurologic out-
come, we performed a selective angiography to
assess the importance of this intercostal artery. Fig 1
shows the tube graft and selective catheterization of
the 6 mm graft. In Fig 2, the catheter is advanced
into the selective graft, showing the distal anasto-
mosis and the outflow through the intercostal arter-
ies and the spinal artery plexus. However, there is no
ARM visible.
In 2 patients with type II TAAA, no MEP
changes occurred, but visible segmental arteries
were still reattached. In 2 patients, unilateral MEP-
amplitude decreases occurred because of peripheral
ischemia in the cannulated leg, but MEPs returned
after reperfusion.
All patients left the operation room with ade-
quate MEPs; however, in 3 patients the recordings
showed unstable patterns. Monitoring was contin-
ued in the intensive care unit for 24 hours. MEPs
remained normal as long as mean arterial pressures
were kept above the threshold as assessed during
surgery.
Table I shows the number of identified and reat-
tached segmental arteries between T5 and L5 in
patients with type I and type II TAAA. Fig 3 depicts
the distribution of identified and revascularized
arteries per aortic segment for the whole group of
patients. Fig 4 shows a typical recording of MEPs
during TAAA repair with recovery of evoked poten-
tials after revascularization.
Clinical results. The 30-day survival rate in the
52 patients was 92%. The cause of death in 4
patients was myocardial infarction (2), respiratory
failure (1), or sepsis (1). All patients who died sur-
vived long enough to have their neurologic outcome
assessed. No patients died in the hospital after 30
days (in-hospital mortality, 8%).
Fig 1. Aortic tube graft and selective catheterization of 6
mm graft.
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Major postoperative complications included pul-
monary insufficiency in 36 patients (69%), arrhyth-
mia in 18 patients (35%), and minor stroke in 3
patients (6%). No patients had renal failure, which
was defined as a creatinine level increase of more
than 100%, renal failure requiring temporary dialysis
for a few days, or complete renal failure. No severe
coagulopathy occurred, and no relaparotomy or
rethoracotomy was necessary.
Early or late paraplegia did not occur in any
patient. One patient (2%) had a minor paraparesis in
the right leg and was discharged with a normal walk-
ing pattern. In this patient, MEP signals disappeared
completely, and revascularization of the spinal cord
was performed by a separate graft. MEPs returned,
but the amplitude at the right leg was significantly less
than that of the left leg at the end of the procedure. 
DISCUSSION
The present study shows that monitoring of
myogenic MEPs is an effective technique of assess-
ing spinal cord ischemia. Operative strategies and
aggressive surgical interventions based on MEPs
prevented early and late paraplegia in patients treat-
ed for type I and II TAAA. 
In general, it appears logical that interrupted
blood supply to an organ or tissue is best treated by
revascularization. According to this philosophy, we
have reimplanted a high percentage of available, iden-
tified segmental arteries. This approach can be criti-
cized because extensive reimplantation implies pro-
longed crossclamp times and subsequent increased
risks for neurologic deficit. Most studies, however,
have shown significantly better results with liberal
revascularization, specifically in the segmental arteries
originating between T9 and L1.4,5 Safi et al reported
a 14% neurologic deficit in patients with type II
TAAA treated with optimal protection and reattach-
ment of intercostal arteries.4 We believe there are sev-
eral reasons why monitoring of MEPs may contribute
to a further improvement of neurologic outcome in
these patients. 
First, our surgical approach is dictated by the
MEP information. The major step forward has been
in situations in which MEPs disappear and the seg-
mental arteries are localized in a mushy aorta with a
lot of atheromatous debris. Without the MEP infor-
mation, no attempts to revascularize these arteries
would have been considered. This is even more true
if the MEPs disappear and no intercostal arteries are
present. These circumstances occurred in 17% of our
procedures, and return of MEPs could only be
achieved by an extremely aggressive surgical
approach that included aortic endarterectomy, selec-
tive intercostal artery bypass grafting, and rapid
reperfusion. We believe that these circumstances are
mainly responsible for the remaining 10% to 20%
paraplegia occurring in experienced centers. A sec-
ond reason for improvement of clinical results is the
MEP information while distal aortic perfusion is
established. In 27% of the patients, the distal aortic
pressure had to be increased to more than 60 mm
Hg to regain normal MEP amplitudes, and a post-
operative mean pressure around 70 mm Hg was
enough to guarantee uneventful neurologic out-
come. In 1 patient (2%), however, a mean pressure
far higher than what is normally prescribed in the
postoperative orders was necessary to maintain
spinal cord integrity. This patient would probably
have been paraplegic if a mean arterial pressure of 70
Fig 2. Distal anastomosis between graft and intercostal
artery and outflow through intercostal arteries and spinal
artery plexus.
Table I. Total number of identified and reattached
segmental arteries between T5 and L5 in type I
and II patients.
Type I Type II Total
Number of identified 79 189 268
segmental arteries
Number of reattached 53 (67%) 171 (90%) 224 (84%)
segmental arteries
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mm Hg had been maintained. A third factor, espe-
cially in patients with type II TAAA, is determined
by MEP changes occurring during the abdominal
phase of the procedure; despite intercostal artery
care, the spinal cord can become ischemic if lumbar
arteries are excluded. In these cases, retrograde aor-
tic perfusion during the thoracic part of the proce-
dure supplies a considerable amount of spinal cord
perfusion, as part of the collateral network, which
becomes apparent if these lumbar arteries are
excluded during abdominal aortic crossclamping.
This phenomenon occurred in 11% of patients with
type II TAAA. Because MEP amplitude never
decreased to less than the critical level, these patients
would probably have survived with normal neuro-
logic outcome, but we consider MEP changes and
improvement after revascularization a sign of impor-
tant collateral connection, which might act as a
“backup” perfusion channel should 1 or more inter-
costal arteries occlude in the postoperative phase.
We agree with Safi et al4 that T9 and T10 play an
important role in the prevention of late neurologic
deficit, but we ascribe the same value to L1–L4 in
some patients. 
Human variations of the main blood supply to
the spinal cord are common, and no specific level for
the critical arteries can be relied on. Anatomical and
clinical studies show that the largest radicu-
lomedullary artery, the ARM, enters the vertebral
canal between the ninth to 12th thoracic vertebral
segments in approximately 75% of cases.8,19 Also,
our present experience with MEP monitoring shows
that spinal cord perfusion is most frequently provid-
ed through segmental arteries T8 to L1. However,
in TAAAs, most intercostal and lumbar arteries are
occluded by mural thrombus, dissection, or calcified
plaques. In 24 patients with type I TAAA, we only
identified 79 intercostal arteries, and in 28 patients
with type II TAAA, we only found 189 intercostal
and lumbar arteries. A mean number of 3 segmental
vessels in type I aneurysms and 7 in type II
aneurysms indicates that, in the absence of the ARM
or other major radiculomedullary arteries, collateral
circulation is extremely important in feeding the
anterior spinal artery. Monitoring MEPs allowed us
to accurately assess critical spinal cord perfusion,
either through direct or collateral systems that, in
our philosophy, both require revascularization.
Fig 3. Number of identified (black bars) and reattached (open bars) segmental arteries (SA) in
type I and II patients.
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In 42% patients with type I TAAA, no spinal cord
ischemia occurred during crossclamping, which
explains the relatively low incidence of neurologic
deficit after descending thoracic aortic aneurysm
repair.20,21 It can therefore be debated whether
MEP monitoring would benefit descending thoracic
or type I TAAA patients if current methods of spinal
cord protection are used. 
We agree with Svensson22; with optimal spinal
cord protection, monitoring of MEPs might benefit
5% to 10% of patients. In at least 17% patients with
type II TAAA, MEP monitoring forced us to restore
spinal cord perfusion in cases in which, in the
absence of monitoring, no attempts would have
been made. 
Besides revascularization of segmental arteries,
other clinical strategies for prevention of spinal cord
ischemia aim for increased ischemic tolerance during
crossclamping. Different neuroprotective adjuncts
and pharmacological agents have been used with
variable clinical results. Acher et al23 even oversewed
all intercostal arteries, and they reported an overall
neurologic deficit rate of 3% with the adjunctive use
of intravenous naloxone, an endorphin receptor
antagonist, and CSF drainage. Oversewing all inter-
costal arteries, however, would probably have led to
neurologic deficit in approximately half of our
patients, even with CSF drainage and retrograde
aortic perfusion, which is in accordance with the
results of others.5,6 Neuroprotection also includes
hypothermia, which decreases the metabolic rate of
the spinal cord during crossclamping. The precise
temperature required to maximize this protective
effect is not well defined. Hypothermia can be either
regional or systemic. Kouchoukos et al24 applied
profound hypothermia and circulatory arrest and
reported an overall neurologic deficit rate of 6.5%.
This approach is attractive because it allows a rela-
tively bloodless field, avoids clamping, and provides
cardiac, visceral, and spinal protection. However,
widespread application has been limited, principally
related to the threat of severe coagulopathy and pul-
monary complications. Moderate cooling provides a
degree of protection without some of the dangers of
total circulatory arrest. Hollier et al25 and Frank et
al26 used moderate hypothermia as part of a multi-
model approach and encountered no paraplegia in
their patients. 
Local cooling of the spinal cord has theoretical
advantages, because lower cord temperatures can be
Fig 4. Typical motor-evoked potential (MEP) registrations of left and right anterior tibial
muscles. 
1, Crossclamps at T5 and L1; decrease of MEPs. No improvement despite increased distal aor-
tic pressure.
2, Proximal anastomosis and reattachment of intercostal arteries T8 and T9 accomplished. No
improvement of MEPs 
3, Selective Dacron graft to T12 and selective perfusion with gradually improving MEPs.
4, Restored MEPs.
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achieved without systemic cardiac complications or
coagulopathy. Cambria et al27 have developed an ele-
gant technique of epidural cooling to achieve region-
al spinal cord ischemia. Lower extremity neurologic
deficit after TAAA repair was significantly reduced in
the group treated with adjunctive use of epidural
cooling, as compared with patients who underwent
surgery before the adoption of the epidural cooling
technique.28 This modality provides adequate pro-
tection during clamp exclusion of intercostal arteries,
and the most important additional value is encoun-
tered in cases in which prolonged time is required to
reattach large aortic segments with critical segmental
vessels.
In conclusion, spinal cord ischemia has a multi-
factorial etiology, which, therefore, requires a multi-
modality approach, including spinal cord cooling,
distal aortic perfusion, CSF drainage, and revascu-
larization. The main intraoperative concern is imme-
diate identification of critical spinal cord ischemia,
which can be achieved by means of myogenic MEP
monitoring, allowing accurate assessment of cord
ischemia and guidance of surgical strategies to pre-
vent neurologic deficits. 
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Dr Kenneth J. Cherry Jr (Rochester, Minn). In this
extremely well-written paper, Dr Jacobs and his colleagues
have continued their pioneering work in the use of motor-
evoked potentials as a means of monitoring cord ischemia
in patients undergoing thoracoabdominal aortic aneurysm
repair. Most impressively, they have developed an intraop-
erative treatment plan for cord protection, based on the
loss of those potentials, that is elegant and simple in con-
cept and that has worked extremely well for these 52
patients. There was no paraplegia and only 1 case of mild
paraparesis. Although simple in concept, like many truly
good ideas, the implementation of their plan requires the
mastery of complex surgical techniques and a deep under-
standing of physiology. I believe anyone who reads this
paper will realize that these investigators have that mastery
and that understanding. 
There are essentially 3 components to this strategy
when the motor-evoked potentials change, based on the
point in the operation at which they might be lost and the
anatomy encountered, and you heard that detailed. 
If the motor-evoked potentials disappear with the ini-
tial crossclamping before aortotomy, mean arterial pres-
sure and distal aortic perfusion pressure are elevated, often
to levels far higher than what we would consider normal.
These were maintained postoperatively. All 14 patients
who had decreases in their motor-evoked potentials with
crossclamping, as you heard, responded positively to this
maneuver. 
In the second case, in which motor-evoked potentials
might be lost, it is encountered during sequential clamping,
and the exposed intercostal or lumbar arteries were reim-
planted. All 24 patients so treated responded positively. 
In the last case, in which no arteries were encountered
in the newly exposed aorta, an endarterectomy of the
aorta was performed with reconstruction of the intercostal
artery and reperfusion in a rapid manner, and all 9 patients
responded well to this very aggressive approach. 
In our use of transcranial and, more lately, Food and
Drug Administration-mandated transcervical motor-
evoked potentials, the specificity and sensitivity in our
hands have not been 100% like they have been in Dr.
Jacobs’ hands. Several patients with abnormal motor-
evoked potentials at the conclusion of their operations
have awakened neurologically intact, and some patients
with normal motor-evoked potentials have had the onset
of delayed neurologic deficit. 
I have 4 questions for Dr. Jacobs.
First, have you observed any cardiac deterioration
when the mean arterial pressure has been driven up to
inordinately high levels? If, for example, you observed a
marked decrease in ventricular function when mean arter-
ial pressure was being elevated and the motor-evoked
potential was returning to normal, what would be your
response: protect the heart or protect the cord? 
Second, why should reconstruction of an occluded
intercostal artery have a beneficial effect? 
Third, in your paper you discuss spinal cooling,
although you did not use it. Is that a modality you plan
to add to your strategy and, given your results, do you
need to? 
Finally, are there any false-negative or false-positive
motor-evoked potentials in your other patients, perhaps
with descending thoracic aneurysms or Crawford types III
or IV?
I enjoyed your paper immensely and learned a great
deal from it. I know that my colleagues and I look forward
to applying your strategy in our patients. I’d like to thank
the Society for allowing me to comment on this significant
work. 
Dr Michael J. Jacobs. Thank you, Dr Cherry, for your
kind remarks and your questions. 
Regarding the first question about the cardiac compli-
cations: yes, we have observed that, but if we increase the
mean pressure and the distal aortic pressure, we can nor-
mally control hemodynamics in an adequate way. If I have
to choose between protecting the heart or the cord, I will
first go for the heart, because we can always reimplant
intercostal arteries later. And if these patients cool down to
32°C, we have a 15- or 20-minute period to reattach the
intercostals. 
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Your second question addresses an intriguing phenom-
enon. If you clamp, you open up the aorta and there is
nothing to see, why would reattachment of intercostal arter-
ies that are behind that plaque have any function? We have
been hypothesizing that, first, by crossclamping, the collat-
eral circulation can really be jeopardized in the way that the
remaining microcirculatory cord perfusion is inadequate.
Basically, if you open the aorta, you can see these very tiny
holes in a calcified aortic wall that you’d never consider reat-
taching because they are too small. But these little holes
might just be the last perfusion the patient needed. After
taking off the plaque, it allows you to reattach these remain-
ing nice arteries. However, the quality of that aorta is often
very fragile. And, in our hands, it doesn’t really work to
reattach these fragile parts of the aorta as an island to the
graft, so that’s why we implant the selective graft. 
Your third question was about spinal cooling. Yes, we
have been trying that in our first patients, but for some
reason we cannot achieve the same results as Dr Cambria
has in Boston. If we introduce the fluid at 4°C, it comes
out at 32°C, and we cannot cool down the spinal cord like
they can. We are not planning to cool the spinal cord,
because our results do not force us to at the moment. 
Your last question was about the false-positive or false-
negative results. We did not encounter that in the patients
with type III and IV thoracoabdominal aortic aneurysms,
and so far in the 95 patients we have had no false-negative
or false-positive results. Thank you. 
Dr Ramin E. Beygui (Stanford, Calif). I have 2 ques-
tions. First, with the systemic cooling to 31°C, do you
encounter significant coagulopathy? 
Second, with the left atrial to femoral bypass, would it
be difficult to rewarm the patient afterwards? 
Thank you. 
Dr Jacobs. We have coagulopathy problems like every-
body has, but not in the way you have if you are on total
extracorporeal circulation with profound heparinization.
We only give the patient 0.5 mg/kg heparin, and, with a
temperature of 31°C to 34°C, after giving protamine, we
did not encounter real problems. 
Regarding the left heart bypass: yes, as soon as we have
finished the proximal and the intercostal artery reattach-
ment, we start rewarming the patient, because it normally
takes at least 35 to 45 minutes. So, when we arrive in the
phase of the visceral and the renals and the distal anastomo-
sis, the patient is warmed up again to 35°C, and at the end
of the procedure the patient is warmed to 36°C. 
Dr Albert-Claude Benhamou (Paris, France). In our
institution, the Pitié Salpêtrière Hospital, with the Edward
Kieffer team, we use a systematic preoperative Adamkiewicz
angiography. The preoperative selective angiographic deter-
mination of the Adamkiewicz, or of the important function-
al spinal cord artery, can be correlated to your spinal cord
monitoring and potentiate the prediction of the necessity of
the specific revascularization of some spinal cord arteries. 
Dr Jacobs. I know that in your center, where you have a
lot of patients undergoing thoracoabdominal aortic
aneurysm repair, Adamkiewicz angiography is routine. We
believe that there is, in these patients, nothing really like an
Adamkiewicz artery. I think in a healthy individual with a
normal aorta, you can delineate the artery that is providing
blood supply to the spinal cord. However, in these patients
with aneurysms, most of the arteries are occluded, and dur-
ing the years, collateral circulation has developed. If you see
that the mean number of patent intercostal arteries in the
type I group was only 3 and in the type II group was only
7, that means that all the rest were occluded and the collat-
erals took over. Now, I cannot really answer your question,
because we never performed selective angiography, but it
would be nice to do a comparative study and see how
important this angiography might be. 
Dr John H.N. Wolfe (London, England). These are
truly outstanding results for this type of surgery, and
therefore, I would like to ask you a little bit more about
the coagulopathy. We, like you, have had trouble with
spinal cord cooling, so we allow the patient to cool down
and then rewarm them at the end of the operation.
However, we do have problems with coagulopathy. I think
we use all the techniques that I’ve read about, but it
remains a significant problem in these complex aneurysms
when it’s a long procedure. 
I would like you to give us a little bit more detail, if
you can, on how you’ve managed to avoid this problem. 
Dr Jacobs. Well, we do encounter coagulopathy and real
significant problems, but so far we haven’t lost a patient
because of it. We never had to reoperate patients for bleed-
ing. We are very neurotic about having “dry” patients, and
the patients do not leave the operating room before com-
plete hemostasis is achieved. 
What are the secrets? I don’t know. Just before the
clamps go off, we have all the thrombocytes, fresh frozen
plasma, everything running in, the patient receives prota-
mine, and that’s it. I have no further secrets, other than
meticulous hemostatic surgery. We do see problems, of
course, but we never lost a patient because of that. 
Dr G. Melville Williams (Baltimore, Md). I, too,
want to commend the authors. Dr. Jacobs, it’s a phenom-
enal series, and I think it’s extremely well thought out. 
Our problem with motor-evoked potentials, trying to
get them from the cervical side, has been that they’re quite
erratic. And we don’t know how to interpret them some-
times when we’re told that the potentials are diminished,
because half the time they come back to normal. So, I
need to talk to you afterward about your technology on
how to have them so reliable. 
However, I want to comment about preoperative
attempts to identify the artery of Adamkiewicz. I think
with Professor Kieffer’s group we’re the only ones left that
still do this. 
Dr Tom Webb has looked up our results in the past 5
years. 
We are able to identify the critical artery in half the
patients by means of angiograph. 
When we have identified a significant contribution to
the spinal cord coming from a specific intercostal, we have
not yet, knock wood, had any patient wake up paraplegic.
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The current methods of sustained and controlled cooling,
just as you advocate, keeping the temperature at 31°C to
32°C, I think provides sufficient protection. If you know
where that artery is, you can implant it safely. 
Thank you. 
Dr Jacobs. I would fully agree with you. I think there
are 2 approaches. You can either choose an anatomic
approach or follow a functional approach. We have not
performed the angiography, and maybe we should, but we
follow the functional approach. And that means that if we
lose the evoked potentials, then, whatever artery it is, we
reimplant that specific artery. But I fully agree with you. 
Dr Williams. I guess we need to learn from you how
to apply the functional approach. Thank you. 
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